Abstract. The structural evolution and magnetic properties of nanostructured copper ferrite, CuFe 2 O 4 , have been investigated by x-ray diffraction, Mössbauer spectroscopy, and magnetization measurements. Nanometre-sized CuFe 2 O 4 particles with a partially inverted spinel structure were synthesized by high-energy ball milling in an open container with grain sizes ranging from 9 to 61 nm. Superparamagnetic relaxation effects have been observed in milled samples at room temperature by Mössbauer and magnetization measurements. At 15 K, the average hyperfine field of CuFe 2 O 4 decreases with decreasing average grain size while the coercive force, shift of the hysteresis loop, magnetic hardness, and saturation magnetization at 4.2 K increase with decreasing average grain size. At 295 K the coercive-field dependence on the average grain size is described, with particles showing superparamagnetic relaxation effects. At 4.2 K the relationship between the coercive field and average grain size can be attributed to the change of the effective anisotropy constant of the particles. The interface anisotropy of nanostructured CuFe 2 O 4 is found to be about 1.8(1) × 10 5 erg cm −3 . Although spin canting was present, approximately 20% enhancement of the saturation magnetization in CuFe 2 O 4 nanoparticles was observed, which could be explained by a cation redistribution induced by milling. The high-field magnetization irreversibility and shift of the hysteresis loop detected in our samples have been assigned to a spin-disordered phase, which has a spin-freezing temperature of approximately 50 K.
Introduction
Spinel ferrites and their related structures have been investigated for nearly four decades, due to their theoretical and technological relevance. A great number of methods have been successfully employed to synthesize such materials with improved properties for specific applications, such as magnetic powders for massive storage devices [1] . The use of ball milling as an alternative synthesis route has focused attention on the unusual magnetic properties arising from nanometre-sized grains, vacancy densities, and changes in site populations having their origins in the milling process [2] [3] [4] . Recently, the observed reduction of the saturation magnetization and the high-field magnetization irreversibility in ferrimagnetic nanoparticles have renewed interest in these systems [5] [6] [7] . Spin canting, defined as a lack of full alignment of the spins in magnetic particles in large applied magnetic fields, has usually been proposed to account for these observations. However, the underlying mechanism that gives rise to the spin-canting phenomenon remains unclear, despite more than twenty years of studies [6] [7] [8] [9] [10] [11] [12] [13] .
Copper ferrite, CuFe 2 O 4 , can be described as a cubic close-packed arrangement of oxygen ions, with Cu 2+ and Fe 3+ ions at two different crystallographic sites [14] . These sites have tetrahedral and octahedral oxygen coordination (A and B sites respectively), so the resulting local symmetries of the two sites are different. The cation distribution in this kind of structure may be represented by ( 4 , where δ is the inversion parameter and δ = 0 and 1 stand for the inverse and normal cases, respectively. Although most spinel ferrites are cubic, CuFe 2 O 4 can have tetragonal unit-cell symmetry if the sample is slowly cooled from high temperatures [15, 16] . This material is ferrimagnetic with a Néel temperature T N = 780(20) K [15] , although considerable dispersion in T N -values is found in the literature [14] . In this work, we present a study of nanostructured CuFe 2 O 4 obtained by mechanical milling of tetragonal CuFe 2 O 4 ferrite in an open container. The structural and magnetic properties of the materials were investigated through x-ray diffraction (XRD), Mössbauer, and magnetization measurements. We found that the saturation magnetization increases remarkably with milling time, attaining a value approximately 20% larger than that for the bulk material. High-field magnetization irreversibility is observed in samples after field cooling (FC) at 4.2 K in fields of 80 and 90 kOe. The observation of shifts in the hysteresis loops at low temperatures indicates the presence of an exchange anisotropy in these particles, which is discussed in terms of the spin freezing of a spin-disordered phase below approximately 50 K.
Experimental procedure
The starting CuFe 2 O 4 sample was prepared by dissolving metallic Fe and Cu (99.99% purity) in a diluted HNO 3 solution, to obtain a nominal composition CuFe 2 O 4 . The resulting solution was slowly heated until the solvent was completely evaporated, and the resulting mire was fired at 773 K for 12 h. Three additional heat treatments in air at 1223 K for 72 h were applied, with intermediary grindings. A cooling rate of 2 K per minute was used in the last cycle. The formation of tetragonal copper ferrite was confirmed by xray diffraction analysis. Nanometre-sized grains were produced from the starting CuFe 2 O 4 powder by means of dry milling (i.e., no organic surfactant was added), carried out in an open container, by keeping the valves on the lid open during operation. A planetary ballmill (Fritsch Pulverisette 5) with hardened steel vials and balls was used. The milling intensity was set to 200 rotations per minute, and a ball-to-powder weight ratio of 20:1 was chosen. The milling process was interrupted after selected times to take out small amounts of powder. The samples will hereafter be labelled S1, S4, S7, S13, S20, and S29, where each number indicates the milling time in hours. The composition of the sample S29 was analysed by scanning electron microscopy with an energy-dispersive x-ray analysis facility. The Cr content originating from the abrasion of the vials and balls was found to be less than 0.5 wt%. The transmission electron microscopy (TEM) measurements for S29 were carried out using a Philips EM430 TEM. All of the samples were examined by xray diffraction in Bragg-Brentano geometry using a Philips PW-1820/3711 diffractometer with Cu Kα radiation. The data were collected in the 2θ range of 10
• -80
• , in steps of 0.02
• , and with a counting time of 25 seconds per step. Mössbauer measurements were performed with a conventional constant-acceleration spectrometer in transmission geometry with a source of 50 mCi 57 Co in a Rh matrix. All isomer shifts are given relative to that of α-Fe at room temperature. A closed-cycle helium refrigerator and a nitrogen cryostat were used for low-temperature Mössbauer measurements and an electromagnet was used for infield Mössbauer measurements. Magnetization measurements were performed in a vibratingsample magnetometer between 4.2 and 295 K using a superconducting magnet to produce fields up to 90 kOe. Hysteresis loops at 4.2 K were measured after field cooling the samples in fields of 80 kOe or 90 kOe.
Results
The x-ray diffraction pattern of the starting powder could be indexed as that of single-phase tetragonal CuFe 2 O 4 spinel. Figure 1 shows XRD data for samples milled from 1 to 29 h together with those for the sample S29 annealed in air at 973 K for 1 h. The Bragg peaks broaden and lose intensity with milling time. After 7 h of milling, the two stronger peaks corresponding to (211) and (103) reflections at 2θ ≈ 34.7
• and 35.9
• , respectively, merge into a single broad peak, indistinguishable from the strongest reflection of the cubic CuFe 2 O 4 phase (2θ ≈ 35.6
• ). This feature prevents an accurate determination of the crystal structure for milled samples from being made. However, the Bragg peak at 2θ ≈ 54
• appears in all of the XRD patterns, indicating a tetragonal structure in the milled samples since no Bragg peaks are allowed in a 2θ range of 43
• -57
• in the cubic CuFe 2 O 4 phase. The average grain sizes, d, of CuFe 2 O 4 were calculated from the broadening of the peak at 2θ ≈ 18.3
• , using the Scherrer equation. The evolution of d with milling time is shown in figure 2. For S1 a value of d = 61(5) nm is found, which decreases with milling time and attains a nearly constant value of 10(3) nm for samples milled for longer than 13 h. The sample S29 was subsequently annealed in air at 973 K for 1 h. From the corresponding XRD pattern (also shown in figure 1 ), a value of approximately 41(3) nm is deduced, and it can be observed that the original tetragonal structure is not fully recovered. No other phases are observed from these data, indicating that no chemical transformation took place during milling or after the heat treatment. TEM measurements of S29 revealed large agglomerations of particles with an average grain size of approximately 10 nm.
The Mössbauer spectrum of the starting tetragonal CuFe 2 O 4 is composed of two magnetic sextets (M1 and M2) with hyperfine fields B = 51.0 and 48.2 T at 295 K, corresponding to octahedral and tetrahedral sites, respectively [15, 17, 18] . Mössbauer spectra recorded at 295 K for milled samples are shown in figure 3 , and the corresponding fitted parameters in table 1. It can be seen that the M1 and M2 magnetic sextets, corresponding to bulk CuFe 2 O 4 , are present in all milled samples and that their relative area decreases from 96.1% of the total resonant signal for S1 to 37.3% for S29 while their hyperfine fields also decrease with milling time. For milling times t 4 h, a third sextet M3 develops (see table 1 ) with a relative area of approximately 25-35% of the total resonant area. The low hyperfine field and large linewidth of the magnetic subspectra suggest a significant degree of magnetic relaxation and/or magnetic disorder in milled samples. Mössbauer spectra recorded at 295 K also show the appearance of a central doublet, which had already been noticed for S1, to a level of approximately 4% of the total spectral area. For the samples from S4 to S29, this doublet had to be fitted using two components, P1 and P2, whose hyperfine parameters vary smoothly with milling time. The isomer shifts from both doublets and magnetic sextets correspond to Fe 3+ ions, showing that no iron reduction occurs when an open container is used during milling [19] . In addition, the relation Q(P1) > Q(P2) for the quadrupole splitting observed for all samples indicates a higher asymmetric Fe 3+ site for P1. The quadrupole splitting for P2 remains nearly constant with milling time. The relative areas of P1 and P2 suggest that these signals might be associated with Fe 3+ ions at the interface and in the core of CuFe 2 O 4 nanoparticles, respectively (and/or to Fe 3+ ions at B and A sites, respectively). Figure 4 shows the Mössbauer spectrum recorded at 295 K for the sample S29 in an applied magnetic field H = 0.7 T. For a ferromagnetic or ferrimagnetic material, the relative intensities of lines 2 and 5 and the relative area of the No SP doublet is observed, while a small curvature of the baseline is noticeable. The sextet M3 with B ≈ 44 T is observed for S4. A fourth magnetic sextet M4, with a low hyperfine field B ≈ 30 T, was needed to fit the spectra of the samples milled for longer than 4 h. The sum of the M1 and M2 sextets from B and A sites of CuFe 2 O 4 is only 67% of the spectral area for S29 at 80 K. Mössbauer data recorded at 15 K for CuFe 2 O 4 samples with various milling times are also shown in figure 5. Mössbauer hyperfine parameters obtained from the fit are listed in table 3. At this temperature, the samples are well below their blocking temperatures. The sextet M4 observed at 80 K is no longer present at 15 K, and samples were fitted using three sextets (except S1 for which two sextets were needed). The hyperfine parameters of the M1 and M2 subspectra correspond to the B and A sites of CuFe 2 O 4 , in agreement with previous findings [15, 17, 18] . The M3 sextet, with a low hyperfine field and broad linewidth, might be attributed to the Fe 3+ ions at the interface of nanostructured CuFe 2 O 4 and/or to the Fe 3+ ions surrounded by more vacancies (and/or Cu 2+ ions), since the possible influence of superparamagnetic relaxation at 15 K can be considered negligible. However, the magnetic sextets strongly overlap in the spectra recorded at 15 K, so the total average hyperfine field of CuFe 2 O 4 versus milling time is plotted in figure 6 for further discussion. It demonstrates that the average hyperfine field of CuFe 2 O 4 decreases rapidly with milling time up to 13 h, and then slowly saturates with further milling. A similar trend is also found for the average grain size versus milling time, as shown in figure 2 . The magnetic properties of these CuFe 2 O 4 nanoparticles have been investigated by magnetization hysteresis curve measurements at 4.2 and 295 K, cooling the samples in a field of H F C = 80 kOe. Figure 7 shows magnetization hysteresis curves measured at 295 K for the CuFe 2 O 4 samples milled for various times, as an example. The corresponding parameters obtained at both temperatures are listed in table 4. It is seen that coercive force H C and remanent magnetization M R at room temperature decrease with increasing milling time, as a result of the increasing fraction of SP particles. On the other hand, at 4.2 K, H C increases with milling time while M R does not show a systematic change. For samples with longer milling times, the magnetization, M(H ), does not saturate at the maximum field attainable (90 kOe) at either temperature, and shows a marked non-linear dependence of H in the highfield region, defined as H 60 kOe. In this region, the M(H ) curve might be described by [20] 
where M S is the saturated magnetization and α is a measure of the magnetic hardness of the particles. It can be seen from table 4 that the milling process initially enhances the saturation magnetization and magnetic hardness, and then they remain almost unchanged with milling time. (A similar behaviour was also found from the magnetization at 9 T, M(9 T), versus milling time.) The saturation magnetization of S29 was found to be approximately 42.2 emu g −1 , about 20% larger than the value 33.4 emu g −1 for bulk 3 (5) 24 (5) 130 (5) 137 (5) 143 (5) 145 ( CuFe 2 O 4 [18] . Figure 8 shows the field-cooled (FC) magnetization hysteresis loop of sample S29, taken at 4.2 K with H F C = 80 kOe. The inset of figure 8 shows the high-field region in the first quadrant, where it can be seen that the loop remains open up to 90 kOe. This highfield magnetization irreversibility implies an anisotropy field of approximately 90 kOe, much larger than the magnetocrystalline or shape anisotropies usually observed for small particles [6, 20] . Another feature observed from field-cooled hysteresis loop measurements at 4.2 K is that the loop is not symmetrical about the origin but is shifted to the left. The shift, H C , rapidly increases from approximately 3 Oe for S1 to 130 Oe for S7 and then slowly rises to approximately 145 Oe for S29 (see table 4 ). Further investigation of the magnetic properties of these nanoparticles was accomplished by studying the temperature dependence of M(9 T) and H C for sample S29. These parameters are shown in figure 9; they were taken after field cooling the sample in a field H F C = 90 kOe. The loop shift decreases with increasing temperature and vanishes at approximately 50 K. It is also observed that H C at T = 4.2 K is even larger than the value obtained for S29 with H F C = 80 kOe (see table 4 ). Furthermore, different slopes of M(9 T) versus temperature are clearly detected in the temperature ranges below and above approximately 50 K. These results strongly infer that a new magnetic ordering occurs below approximately 50 K in the milled sample. 
Discussion
Recently, several studies of nanometre-sized ferrites obtained by milling have found that the resulting nanoparticles are structurally and magnetically disordered due to changes in the degree of inversion, creation of oxygen vacancies, or amorphization of the structure [3, 4, 21] . However, a secondary effect of high-energy milling can be the formation of (or decomposition to) undesired phases, usually related to the reducing conditions inside a closed container. Experiments on samples of α-Fe 2 O 3 (reference [22] were detected, which is consistent with our previous observations [19] . Since no other phases except CuFe 2 O 4 are formed, as inferred from XRD and Mössbauer data, the properties discussed for the present system can be assigned entirely to nanometre-sized CuFe 2 O 4 particles.
Copper ferrite is known to be magnetically soft, with values of the coercive force of about Figure 10 . The room temperature coercive forces versus average grain size. The solid curve is the best fit using the equation
where H C0 is the coercivity for bulk material at this temperature, from which the critical size D P = 6(1) nm and H C0 = 0.8(1) kOe were obtained.
0.7 kOe at room temperature for bulk material [14, 18] . For particles below a critical diameter D S , a single-domain behaviour is expected. For a given temperature, H C decreases from its maximum value H C (D S ) to zero with decreasing particle size due to the superparamagnetic relaxation effect. The H C = 0 point marks a second critical size, D P , at which the onset of SP relaxation takes place within the magnetization measuring time (τ ∼ 100 s). In the D P d D S region, the coercivity for an ensemble of single-domain uniaxial particles may be expressed as [20] (table 4) , and are plotted in figure 11 as a function of the average grain size. It was found that K eff increases with decreasing average grain size. This reveals that the interface anisotropy gives an important contribution to K eff . We analysed the results on the basis of a simple model in which the effective anisotropy is written as
where f core is the relative volume fraction of the core component, and K core and K int are core and interface anisotropies, respectively. Assuming that the grains are spherical with an interface thickness of t and K core = 6 × 10 4 erg cm −3 (for the bulk tetragonal CuFe 2 O 4 in reference [23] ), we found that the estimated values of K int are in a range from 17 × 10 4 to 45 × 10 4 erg cm −3 using t-values ranging from 3 to 0.5 nm, respectively. The least-squares fit of these data yielded K int = 18(1) × 10 4 erg cm −3 and t = 2.3(3) nm, and is plotted as a solid curve in figure 11 . K int is found to be much larger than K core , which could result from a spin-disordered Figure 11 . Effective anisotropy constants versus average grain size taken at T = 4.2 K. The solid curve is the best fit using the equation K eff = f core K core + (1 − f core )K int , where f core is the relative volume fraction of the core component, and K core and K int are core and interface anisotropies, respectively, from which K int = 18(1) × 10 4 erg cm −3 and the interface thickness t = 2.3(3) nm were obtained, assuming spherical grains and K core = 6 × 10 4 erg cm −3 (for the bulk tetragonal CuFe 2 O 4 in reference [23] ). structure at the interface. From table 4, it is seen that the M R /M S ratio drops from about 0.46 for S1 to 0.17 for S29 at room temperature, due to the increasing fraction of superparamagnetic particles at this temperature. The M R /M S values for all of the samples studied at 4.2 K are slightly smaller than the expected value of 0.5 for particles with uniaxial symmetry, which could originate from interparticle interactions.
The saturation magnetization of ferromagnetic and ferrimagnetic materials usually decreases with decreasing particle size due to the existence of spin canting in most small magnetic particles. Basically, two mechanisms have been suggested to explain the origin of spin canting: one is the surface (or interface) effect [5, 6, [8] [9] [10] (hereafter model I) and the other is the finite-size effect [11] [12] [13] (hereafter model II). Variations in coordination numbers and distances of surface cations could result in a distribution of net exchange fields [6] . Competition between ferromagnetic and antiferromagnetic interactions might cause spin canting in the surface layer of magnetic particles. The surface effect, based on this argument, states that the spin structure of magnetic particles in a large applied magnetic field consists of collinear spins in a core and non-collinear spins in a surface layer (or shell). In a study on coated NiFe 2 O 4 nanoparticles, Berkowitz et al [9] have suggested that organic molecules bonded to the particles act as pinning centres for the spins at the surface, giving rise to spin canting. This surface effect was later questioned by Pankhurst and Pollard [11] , who suggested that spin canting in Co-doped γ -Fe 2 O 3 particles might be explained by a large magnetic anisotropy energy. The doping with Co may indeed increase the magnetic anisotropy energy, but at least for pure γ -Fe 2 O 3 the value of this anisotropy energy which is necessary in order to account for spin canting is much larger than the value reported for pure γ -Fe 2 O 3 particles [24] . Recently, Parker et al [12] found that the degree of canting was identical in γ -Fe 2 O 3 particles with and without a 57 Fe-enriched surface layer. This result, which contradicts those of earlier studies, suggests that spin canting is not a surface effect, and that it may be a finite-size effect. Very recently, Morales et al [13] proposed that spin canting may originate from cationic vacancy disorder within the whole particles in a study of maghemite particles. No conclusive explanation of the underlying mechanisms has yet been given [5] . Our present results show that, in copper ferrite, the saturation magnetization M S (or magnetization at 9 T) increases with decreasing average grain size, contrary to previously reported data on other ferrimagnetic magnetic nanoparticles, e.g., NiFe 2 O 4 , for which spin canting leads to a decrease in the saturation magnetization [5] [6] [7] [8] [9] [10] 12] .
In inverse MeFe 2 O 4 (Me = divalent ion) spinels, eight divalent ions are at the octahedral (B) sites and 16 trivalent (Fe 3+ ) ions are equally divided between the tetrahedral (A) and B sites per unit cell. The magnetization of sublattice A is antiparallel to that of sublattice B, whereas the magnetic moments of the ions on the A and B sublattices are ferromagnetically ordered. The total magnetic moment is entirely due to the uncompensated magnetic moments of the eight divalent ions at B sites. The magnetic moment per unit cell is µ = 8 × 1 µ B = 8 µ B , assuming that each divalent ion, e.g., Cu 2+ , contributes 1 µ B , where µ B is the Bohr magneton. However, the energy difference between Fe occupations in A and B sites is known to be very small for Me = Cu, while it is much larger for NiFe 2 O 4 [25] . Hence, in CuFe 2 O 4 a cation redistribution between A and B sites could be possible. It has been observed for quenched samples that the inversion parameter δ strongly depends on the annealing temperature and cooling rate [25] . Replacing one A-site Fe 3+ ion with a B-site Cu 2+ ion, and vice versa, results in a magnetic moment µ = 7 × 1 µ B + 2 × 5 µ B − 1 µ B = 16 µ B , assuming that each Fe 3+ ion contributes 5 µ B and a Néel-type collinear spin structure. This kind of change in cation distribution induced by milling has also been reported for other ferrites [3, 4, 26, 27] . Although the spin-canting effect observed tends to reduce M S , the enhancement of approximately 20% of M S for our milled CuFe 2 O 4 samples could still be accounted for by a cation redistribution induced during milling. From the analysis of the saturation magnetization at 4.2 K, we found that the effective magnetic moment µ eff per formula unit increases from 1.5 µ B for S1 to 1.8 µ B for sample S29. This, in turn, may be accounted for by an increase of the degree of inversion from δ = 0.06 for sample S1 to δ = 0.11 for sample S29. However, inasmuch as this estimation of δ assumes fully aligned spins, it is likely that the competing effects of spin canting in these milled samples cause an underestimation of the actual δ-value.
The irreversibility observed in the M(H ) curves at fields of ∼90 kOe for the milled CuFe 2 O 4 sample (see figure 8 ) implies anisotropy fields much higher than those expected for magnetocrystalline or shape anisotropy, and suggests that exchange interaction must be operative. In the following, we will discuss the high-field magnetization irreversibility, the reduction of the average hyperfine field, and the hysteresis loop shift observed in the milled CuFe 2 O 4 samples by means of either model I or model II.
In model I, assuming that particles are composed of a ferrimagnetically ordered core and a spin-disordered surface layer, coupling between the two components is established through exchange interactions. When samples are field cooled through the ordering temperature of the spin-disordered phase, the external field will decrease the energy of some configurations of the spin-disordered phase favoured by the field direction, 'hardening' the spin reversal by rotation of the single-domain core. This could result in high-field magnetization irreversibility and a shift of the hysteresis loop. Variations in coordination numbers and distances of surface cations could reduce atomic magnetic moments on individual sublattices, resulting in lower average hyperfine fields for surface cations. Consequently, the smaller the grains, the higher the fraction of surface cations, and the lower the total average hyperfine field.
In model II, assuming the existence of spin canting in all of the particles, due to possible defects, e.g., cation site distributions and vacancies, small numbers of Cu ions occupy A sites, and the Cu(A) ions and their twelve nearest neighbours at B sites could form a cluster. Exchange coupling might arise from competing ferromagnetic (intrasublattice) and antiferromagnetic (intersublattice) interactions at the interfaces between these clusters. This coupling could also cause high-field magnetization irreversibility and hysteresis loop shift. Similar behaviours have also been reported for ZnFe 2 O 4 (references [28] [29] [30] ), lithium ferrite [31] , and Ni-Mn solid solutions [32] with local fluctuations in composition. In the case of ZnFe 2 O 4 , small numbers of Fe 3+ ions at A sites found in quenched samples or in nanostructured material form clusters with their twelve nearest neighbours at B sites, causing an enhancement of the magnetic transition temperature and saturation magnetization. In the case of Ni-Mn solid solutions, exchange anisotropy arises from competing Mn-Mn and Ni-Ni interactions at the interfaces of Ni-or Mn-rich clusters within the solution. Finally, a reduction of the average hyperfine field in milled CuFe 2 O 4 is not unexpected, due to broken superexchange paths between Fe 3+ ions caused by oxygen vacancies and/or Cu 2+ nearest neighbours. As discussed in the results section, for samples milled for longer than 7 h, Mössbauer spectra recorded at 15 K show a significant component M3 with a low hyperfine field and broad linewidth, which could be assigned to Fe 3+ ions in locally disordered environments. It is also seen from magnetization data that the value of the magnetic hardness α increases for samples with longer milling times. It seems therefore that the effect of spin disorder is to hinder the spin reversal. The temperature dependence of H C suggests that spins freeze at approximately 50 K in the spin-disordered phase. This results in an exchange interaction between the spindisordered phase and the rest, which shifts the magnetization loops when the sample is field cooled below the freezing temperature. Although our present data can be explained by the two-phase magnetic coupling already discussed, it cannot be ascertained at present whether the disordered phase corresponds to an actual spin-glass phase, nor whether the particles have a shell/core structure or the exchange interaction occurs between magnetic clusters within the material. Additional measurements are required to clarify the exact mechanisms leading to the observed magnetic properties.
Conclusions
We have performed a study on structural and magnetic properties of copper ferrite, CuFe 2 O 4 , nanoparticles obtained from high-energy ball milling in an open container, using x-ray diffraction, Mössbauer spectroscopy, and magnetization measurements. The resulting CuFe 2 O 4 nanoparticles show a progressive decrease of the average grain size with milling time, attaining a smallest value of d = 9(3) nm. No chemical reduction effects were found. Superparamagnetic relaxation effects have been observed at room temperature by Mössbauer and magnetization measurements. At 15 K, the average hyperfine field of CuFe 2 O 4 decreases with decreasing average grain size while the coercive force, shift of the hysteresis loop, magnetic hardness, and saturation magnetization at 4.2 K increase with decreasing average grain size. At 295 K the grain size dependence of the coercive field shows that particles are single domain, and a critical size value D P = 6(1) nm was estimated for the SP transition by means of magnetization measurements. At 4.2 K, H C increases with decreasing grain size, which could be explained by an enhancement of the interface contribution to the effective anisotropy constant of particles. The interface anisotropy of nanostructured CuFe 2 O 4 particles prepared by high-energy ball milling is found to be about 1.8(1) × 10 5 erg cm −3 . A cation distribution between A and B magnetic sublattices could account for the observed increase of the saturation magnetization for these particles, although spin canting was also detected. The high-field magnetization irreversibility and shift of the hysteresis loop detected for our samples have been assigned to a spin-disordered phase, which has a spin-freezing temperature of approximately 50 K.
